CHEMICAL TRAPPING OF A PRIMARY QUANTUM CONVERSION PRODUCT INPHOTOSYNTHESIS by Corker, Gerald A. et al.

Proceedings  of the National 
Academy of Sciences  
UNIVERSITY O F  CALIFORNIA 
Lawrence Radiation Laboratory 
Berke ley ,  California 
AEC Cont rac t  No. W -7405-eng -48 
CHEMICAL TRAPPING O F  A PRIMARY QUANTUM 
CONVERSION PRODUCT I N  PHOTOSYNTHESIS 
Gerald  A. C o r k e r ,  Melvin P. Klein, and Melvin Calvin 
September  9 ,  1966 
Proc. Nat. Acad. Sci. 9/9/66 
% 
3C 
CHEKICAL TRAPPING O F  A PRIMARY QUA-XTiJN COXVERSION PRODUCT IM P H O T O S Y N T H E S I S  
Gerald A .  Corker,  Melvin P. Klein and Melvin Calvin 
Department of  Chemistry an.:i Lawrence Radia t ion  Laborsto-y,  
Un ive r s i t y  of  C a l i f  oiK:?. , L~-ri*:;.iey, C a l i f o r n i a  
The car ,aci ty  oS photosynthc t ic  or,- ,~nisms t o  e x h i b i t  photo-induced el-ec- 
t r o n  paramagcetic resonance (EPR) s i g n a l s  has been known f o r  over t e n  y e a r s .  1 
Subce l lu l a r  u n i t s  of photosynthe t ic  m a t e r i a l s ,  t h e  quantasomes and t h e  chromn- 
tophores ,  a r e  capable  of H i l l  Rcact ion a c t i v i t y ,  and a l s o  of e x h i b i t i n g  t h e  
l ight- induced E?R s i g n a l s .  This ,  coupled wi th  t h e  r a p i d  r i s e  and decay kine- 
L .  l c s  of t h e s e  s i g n a l s ,  2 sugges ts  hu t  docs not  prove t h a t  t h e  unpaired e lec-  
+- u , ~ ~ n s  ?. r a r e  involved i n  t h e  i n i t i a l  e l e c t r o n  t r a n s f e r  processes  i n  t h e  primary 
qnzntun conversion a c t .  
Thc i d e n t i f i c a t i o n  of t h e  spec i e s  g iv ing  r i s e  t o  t h e s e  s i g n a l s  and 
t h e i r  connection wi th  processes  of primary quantum conversion remains e lus ive  
~ve;; though such v a r i e d  kpproaches as mutant  strain^,^ s p e c i a l  growth condi- 
b 6 i i o n s ,  extreme p h y s i c a l  cond i t i ons  ,5 s p e c i a l  metabol ic  i n h i b i t o r s ,  e t c .  have 
bcl-n appl ied  t o  t h i s  problem. I n  t h i s  cormnunication- we wish t o r e p o r t  another  
~ i c ~ n o d  being used i n  an a t tempt  t o  i d e n t i f y  t h e  s p e c i e s  r e spons ib l e  f o r  t n ~  
unpZired e l e c t r o n s .  
Hoffman prepared a water  s o l u b l e ,  s t a b l e  f r e e  r a d i c a l ,  d i - t e r t i a r y -  
bu Lylni t roxide ( h e r e a f t e r  c a l l e d  D'L'BN) , which i s  a "vigorous f r e e  radical 
scavenger". It shows a sha rp ,  well reso lved ,  symmetrical,  t h r e e - l i n e  para- 
rn,q:nctic resonance spectrum t h a t  I s  re1at ivel .y  i n s e n s i t i v e  t o  t h e  mo1ec:ul:~r I >.
. environment. The chemistry of di-tertiarybutylnitroxide has not  been s t u d S ~ c  
* 
'The rmrrl tlk.scribed i n  t h i s  paper was sponsored b y ' t h e  U.S. Atomic Encrr;y 
Comm i :; .: i nn 
u x t m s i v e l y .  However, f o u r  d i s t i n . 2 ~  t ~ e s  of  i n t e r a c t i o n  can be  envisioned 
Tor t h i s  molecule.  It could uil&er,;o n one-electron r educ t ion  t o  form rr hy- 
d r o x y l m i n e  w k h  can be reduced siih:rq.t~.ltly t o  t h e  aminr; an ox ida t ive  de- 
graclilt i on  t o  2-methyl-2-nitrosopr:, . A ~ L  .,id i sobutylene ; o r  a coupling with 
another  r a d i c a l  forming e i t h e r  ir! a : ,  s i l b s t i t u t e d  hydroxylamine o r  a tri- 
s u b s t i t u t e d  m i n e  oxide.  The r e a c t i o n s  u e  r ep re sen ted  by equat ions  I through 
R = t e r t i a r y  b u t y l  group 
A'  = unspec i f i ed  r a d i c a l  
The p r e s e n t  work sought t o  determine whether,  i n  t h e  prosencc of photo- 
s y n t h e t i c a l l y  a c t i v e  organisms and l i g h t ,  t h e  n i t r o x y l  r a d i c a l  voula coujil(, 
wi th  t h e  r a d i c a l s  produced i n  t h o s e  organisms. If s o ,  t h e  use  of a c:lrboi.-lli 
% 
h.bc. ler l  nltroxide would make it possible to isolate and determint: which 
ccnst;itucnt,, or constituents, give rise to the ~hoto-induced EPR signals. 
The stability of unlabeled DTBN with various organic materials, both 
in the light and in the dark, was tested. It undergoes reactions in the 
U ~ r k  with tetracyanoethylene, pchl-oranil, - o-chloranil and sodium sscor- 
bate, the rates of disappearaxe of ~ h c  nitroxide (ESS signal) b e i n g  un- 
cn:_tnged upon illumination wit!] .i. r,url;stt.n filament lm9. It is i n u r i ;  under 
both light and dark conditions w i t h  iY ,N-dimethylanilice, N ,I!J , N  ,N-t,rtrmcthyl- 
phcnylenediamine , quinoline , hc.xaml--tl~ylbenzene , hexafluorobcnzene , penta- 
fluorobenzonitrile, g-dinitrobenzcne, - s-trinitrobenzene, lm-iflavin, lumi- 
chrome, chlorophyll a, 2 ,6 -d ichl~ro~her io l - indophenol ,  3- (3, 4-ciichlorophenyl)- 
1,l-dimethylurea, K~F~(CN) 6 ,  salicylaldoxime and KBH4. Cyclohexane , ethanol, a 
chloroform, dimethylformamide, acetonitrile, benzene or the pure material 
was used as solvent in these experiments. Attempts to demonstrate inter- 
action of DTBN with chlorophyll a were carried out both in cyclohexane and 
- 
in ethanol. No interaction was observed either in the dark or upon illumin- 
ation. However, the sdution in ethanol may have been complicated by the pre- 
sence of traces of oxygen since only a nitrogen purge was used to degas this 
Illumination of cyclohexane solutions containing DTBN and various quinones 
causes a disappearance of the radical, which is very slobly reversible in the 
dark. The extent of this reversibility is 50 percent or greater. Monochronlatic 
Light, of wavelengths absorbed by thc particular quinone in the vic-iblc rc/:ion 
of the spectrum, was used for these il3.uminations. The quinones cap:iblc. o f  
effecting this photodestruction of DTBDY are 1,4-benzoquinone , 1 ,k-duroq~l, r u n e ,  
1,h-naphth~~uinone and 9,lO-anthroquinone. 
When freshly prepared chloroplasts from spinach leaves are susuended 
in a 0.5 - I4 sucrose solution b~fi'ered :at 2H 6.8 and containing DTSN, a rapid, 
irreversible destruction af the :~itrox< de occurs in the dark. T'ne same obser- 
vation is nade with intact Chlorella >ells and with the photosynthetic bac- 
terium Rhodospirillum rubrum. however, when the spinach chioropl~sts are 
allowed to age in a cold roon: in the Lark for a few days, and chloroplast- 
DTBN mixtures prepared from these aged chloroplasts are examined in the 
I 
dark, only a slow decay of the nitroxide resonance is observed. When such 
preparations are illuminated with light of wavelength greater than 5400 2 
the rate of destruction of the radical is increased. The rates of both the 
dark and the light-induced decay vary with the age and treatment of the 
L 
chloroplast preparations. The same results are obtained with chloroplast 
frappents obtained by rupturing the chloroplast in 0.05 M sucrose buffer- 
- 
ed at pH 6.8. Results typical of this effect are shown:.in Figure 1. We 
have worked primarily with fragments because the dark reaction is slower 
with fresh fragments and disappears in fewer days than with the whole 
chloroplast. 
The reduced form of the nitroxide, di-tertiarybutylhydroxylamine 
(DTBNH) is not oxidized in the dark in the presence of chloroplast fray- 
rnents. However, if the mixture is illuminated with light of wavelengths 
greater than,540 mu, a rapid increase of the nitroxide resonance occurs 
followed by a gradual decay. The cffcct is shown in Figure 2. This efr~ct; 
is also observed in samples containing DTBN and freshly isolated frn~ents, 
preparations in which 80 to 95 percent of the nitroxide has disappeared 
during the period between the preparation of the samples and detection of 
the nitroxide signal in the EPR spcctromcter. The change in signal hci,;ht 
b 
is not as large in these latter smples as with the ones containiui; ths 
deliberately reduced form and fragments. No signal increase is obsemed 
with fresh whole chloroplasts with either DTBN or DTBIVH, either in the dark 
or in the light. 
The increase in the signal height shown in Figure 2 was shown to be 
due to an enlarged nitroxide signal and not due to sone other photo-generated 
radical, by sweeping through the three-line spectrum of ths nitroxide before 
and after illumination. Although all samples were purged witi? nitrogen prior 
to each experiment, it is conceivable tilat the increased signal height could 
be due to a photoreaction involving the uptake of oxygen which would cause 
a narrowing of the nitroxide resonance accompanied by an increassd signal 
height, if the number of spins remained constant. This is unlikely, however; 
since the magnitude of the signal change would require a narrowing of the 
signal by a factor of 2 or more. This narrowing is not observed. 
It would appear from these observations that the destruction of the 
nitroxide in the dark by freshly isolated chloroplast or fragments is n 
reduction, first to the hydroxylamine and then to some other species pro- 
bably the secondary mine, which is not photo-oxidized to the nitroxide. 
The photo-induced oxidation of DTBNH to DTBN in the presence of chloro- 
plast fragments clearly rules out the possibility that the photodestruction 
of the nitroxyl radical is a simple reduction to the hydroxylamine. 
Considerable information has been obtained about the photo-induced 
EPR signals in photosynthetic organisms by subjecting them to a variety of 
environmental treatments. Table I is a resume of the effects of a few of 
Lhcse treatments on the two light-induced free radical signals detected in 
green materials. Included in this table is the effect of each variation on 
the photodestruction of the nitroxide. 
TlIE EFFECTS OF ENVIRONMENT ON THE PHOT0I)ESTRUCTION OF DTBN AND SPINACH 
CHLOROPLAST EFT? SIGNALS 
Treatment Broad S igna l  Narrow S igna l  DTBN Pi lotoreact ion 
C o i ~ t r o l  
64"~ - 15 min 
100% - 1 5  min 
A,ged 
D C P ~ *  
DCPIP* 
Iicptane e x t r a c t e d  
Sasicylnldoxime 
!< ,Fo ( c N ) ~  
I 
' Present  
Absent 
11 
11 
Decreased 6 
* 8 
* * 
** 
* * 
Present  
11 
Absent 
Present  
Enhanced 6 
Present  
11 
11 
11 
Re..sct ion 
RcacL i on 
No r c x t i o n  
Reaction 
No r e a c t i o n  
P a r t i a l  i n h i b i t i o n  
11 I1 
I1 I1 
11 I1 
- - 
DCMU , 3-(3 ,4-dichlorophFyl)-1 ,1-dimethylurea; DCPIP, 2 , 6 - d i c l ~ l o r o ~ h e n o l -  
indophenol.  
%" Ex2eriments run on aged c h l o r o p l a s ~  fragments i n  which t h i s  s i g n a l  i s  
not  p r e s e n t .  
The chemicals shown in Table I all interact in some way with the slzc- 
tron trans& chain connecting the species participating in the two light 
acts of photosynthesis. Potassium Ecrricyanide and the incioyl~enol dye both 
act as Hill reagents, accepting clecirocs from different points on the chain. 
Salicylaldoxime is thought to b i ~ l d  ;!re GVG copper atoms in plastocyanin, 
thus terminating electron flow at tnis point. Heptane extracts the quinones 
I and carotenes. DCMU ,is a potent inhibitor of photosynthetic oxygen evoluLion 
and electron flow in gneral. 
The inhibitory or partial in:libitory effect of these chemical species 
on the photodest~uction of the nitroxide suggests that the nitroxide is coupling 
with the radical or radicals produced wi~en the fragments are illuminated. If . ,  
the nitroxide were undergoing a photo-oxidation, and if one assumes that the 
I 
inhibitory effect of DCf4E occurs at only one site within the photosynthcsiz- i S 
ing organism, namely, on the oxygen evolving side of the mechanism, the corn- [ 
plete blockade of the photoreaction of DTBN by DCMU would suggest that this 
I 
I 
photo-oxidation is occurring between the oxidation of water and thc first i 
light act. If this were true, however, ferricyanide and the indophenol 
dye both should cause an increased rate of destruction of the nitroxide. 
This is not observed. 
Furthermore, no absorption due to 2-methyl-2-nitrosopropane diner can 
be detected in the ultraviolet spectrum of samples in which the nitroxide 
radical has been destroyed. The amount of the nitroxyl radical which can 
. 
be removed photochemically from tnis system is at least equal to and on 
several occasions has been several times.greater than the total mount of 
chlorophyll I?_ present in the reaction vessel. This would seem to require 
that the species with which the nf.troxjr1 r:idical is reacting is close to 
one of t h e  t e rmina l s  of t h e  photosyr~~; : ics iz ing  sequence of reaction:;  3 
s i L e  where m a t e r i a l s  are p re sen t  is ,:reaier abundance than  ch lorophyi l .  
8 The e f f e c t  of DCMU and t h e  i n t e r e s t  in,:: ~:,cervat;ion of Weaver that l w ~ e  
amounts of unbound manganeous i o r s  .'cvd oy, i n  Chlanydorr.or,:s c e l l s  srown iri 
t h e  presence of a n i t r o x i d e  and l i z n L ,  s ~ g g e s t  t h a t  t h e  s i t e  of i n t e r a c t i o n  
o f  DTBN is c l o s e  t o  t h e  primary r euuc tan t  ( ~ ~ 0 ) .  
Fur ther  e x a n d a t i o n  of t h i s  r e a c t i o n  i s  being pursued and w i l l  be 
r e p o r t e d  i n  t h e  f u t u r e .  I n  a d d i t i o n ,  carbon-14 l a b e l e d  n i t r o s i d e  w i l l  be 
used t o  determine t h e  f a t e  of  t h ~  n i  trcxyl r a d i c a l .  
S~mmary 
Pre l iminary  s t u d i e s  'of a  photoche:i:ical r e a c t i o n  between d i - t e r t i a r y -  
b u t y l n i t r o x i d e  and c h l o r o p l a s t s  i s o l a t e d  from spinach a r c  r epo r t ed .  The 
r e s u l t s  i n d i c a t e  t h a t  t h e  n i t r o x i d e  i s  coupling wi th  t h e  photo-induced 
r a d i c a l s  produced i n  t h e s e  photosynthes iz ing  systems. The exac t  f a t e  of  
t h e  n i t r o x i d e  has  not  y e t  been determined but  i s  be ing  pursued by t h e  
u s e  of a carbon-14 l a b e l e d  n i t r o x i d e ,  with t h e  ob jec t  of determining t h e  
n a t u r e  of t h e  photoproduced r a d i c a l ,  or r a d i c a l s ,  wi th  which it couples .  
Figure 1. The time response of di-tertiarybutylnitroxide (DTEN) EPR sig- 
nal to light. The init,icl rextion mixture contained 1 . h ~  mg 
chlorophyll (a - + - b) p e r  ml of suspension, 1.67 x Y DTBN, 0.05 M 
- - 
sucrose, 0.05 M phospnsce ' b d f f e r ,  pH b .8 .  Light with wrivelell~th 
- 
between 5400 8 and 9800 8 1m.s used. Base lini c h e c l ~  was mad? by 
I 
displacing field from resonance value. Sample p u r e 4  with N 2 .  
Figure 2. Effect of light on di-tertiarybutylnitroxide (DT~N) EPH signal in 
the presence of large excesses of di-tertiarybutylhydroxylamine 
(DTBNH) . The initial mixture contained 1.85 mg chlorophyll (a + b) 
- - 
per ml of suspension, 2.1 x M DTBNH, 0.05 M sucrose, 0.05 # 
- - - 
phosphate buffer, pH 6.8, N2 atmosphere, illuminated with light. 
of wavelength 5400 2 to 9800 a). Check of base line made by dis- 
placing magnetic f i e l d  from resonance. The nitrogen present 
to 
initially assumed due/air oxidation of DTBNH during sample pre- 
paration. The complete oxidation of the DTBNH originally present 
would result in a signal height of 5.1 units on this scale. 
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T h i s  r e p o r t  was p r e p a r e d  a s  an a c c o u n t  o f  Government 
s p o n s o r e d  work .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  any  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  commiss ion:  
A .  Makes any w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  any i n f o r m a t i o n ,  appa -  
r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  
B. Assumes any  l i a h i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages r e s u l t i n g  from t h e  u s e  o f  any  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  
A s  u s e d  i n  t h e  above ,  "pe r son  a c t i n g  on b e h a l f  o f  t h e  
Commission" i n c l u d e s  any employee o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  employee o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  employee  o r  c o n t r a c t o r  o f  t h e  Commission,  o r  employee  
o f  such  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment o r  c o n t r a c t  
w i t h  t h e  Commiss ion ,  o r  h i s  employment w i t h  such  c o n t r a c t o r .  
